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noted a decreased coronary sinus p0O,, implying an inadequate oxygen
supply. In two papers, the researc%ets (Feola et al, 1979; Biro and
Beresford-Kroeger, 1980) reported a decrease in myocardial infarct
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administered. In order to obtain meaningful data, hemoglobin solution
which is endotoxin-free and physiologic with respect to electrolytes
and oncotic pressure will need to be tested. The animal will need to
be awake and unmedicated. Several models with these specifications
exist and I hope they will be used in the near future.
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hemoglobin solutions on the myocardium. Myocardial function can be e
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decreased cardiac work, decreased aortic and left ventricular filling }:,:,ﬁ?
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consumption. Most authors reported that coronary vascular resistance Y
(CVR) decreased and coronary blood flow (CBF) increased, although é:‘g -
three papers noted the opposite, (Kim et al, 1983; Dennis et al, 1983 LI
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tissue, extravasation of the hemoglobin, and cellular and interstitial
odema., Vascular endothelial damage was observed (Suaudeau et al, R
'1779), as was subendocardial and midmural coagulation necrosis. ?*:pgf\
Mitochondria were swollen, with loss of cristie and matrix granules. \i*jcf-
The addition of albumin to SFHS may counter these effects. High QNN
molecular waight polymers of SFHS were not studied. Much of the \:N,"r
ultrastructural damage and some of the physiologic impairment could be :?Q??:‘
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HEMOGLOBIN SOLUTION EFFECTS ON THE HEART
Review of 19 Research Reports

Paper 1. Riedesel WM II, Erdamar I, Dos SJ. 1973, Functional
preservation of canine heart-lung preparation by perfusion with pure
haemoglobin solution. Nature 243:530-531.

Human red cells were lysed in hypocmolar phosphate buffer, \
centrifuged, and filtered. The solution was dialyzed against standard :
dialyzing fluid adjusted to pH 7.4 for a normal electrolyte balance,

The experimental model consisted of canine heart-lung preparations

which were maintained in a homeostatic chamber at 37°C. Six dogs were

perfused with human hemoglobin solution and six dogs were perfused

with heparinized dog blood. Survival time for the hemoglobin-perfused

preparations averaged 3.5 hours with the range of 2 to 6 hours, and

for the control dogs an average of 8.25 hours ranging from 5 to 12

hours. In both cases, until the end of survival, arterial pressures )
were comparable and steady. Oxygen saturation ranged from 90-997 in ‘
the hemoglobin group but dropped within the 30 to 457 range in the
control group. The hemoglobin group tended to become alkalinic with
pd,. Pathologic studies showed no edema and hemorrhage in the
hemoglobin infused hearts:; which both were present in the control
hearts. In addicion, subendocardial hemorrhages were larger and *
vccurred more frequently in the blood-perfused hearts. The experiment
usually terminated with ventricular fibrillation. Because of this,
one can assume that extensive cardiac monitoring occurred and that no

arrhythmias were noted in the hemoglobin-infused group up to the time "
A

of the death of the heart. ¢
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Paper 2. Holdefer WF, Dowling EA. 1974. Experimental use of
heterologous stroma-free hemoglobin solution (SFHS) as a whole blood
substitute. J Surg Oncol, 6:451-459.

Hemoglobin solution from outdated human whole blood was prepared
according to the Rabiner technique. The hemoglobin concentration was
7.6 g% with normal electrolyte concentration in both the hemoglobin
solution and the canine whole blood solution, which was used as
control. Both contained 15% mannitol. The experimental procedure
utilized an in situ canine isolated heart preparation with a dual
membrane lung perfusion circuit. For the normal thermic study, two
dogs receivad canine whole blood and two dogs received stroma-free
hemoglobin solution. In a separate series of experiments, the effect
of hypothermia on this model was studied. The heart was perfused with
canine whole blood at 25°C. for 30 min., After this time, the same
hearts received stroma-free hemoglobin solution at the same
temperature for 30 minutes. Perfusate flows were controlled to
maintain a mean arterial pressure of 75 mm Hg. At the end of the
study, the hearts were examined by light microscopy for pathologic
~hanges.

The authors determined that the PSO was 25 at pH 7.35.
Satisfactory cardiopulmonary bypass was maintained for the one hour of
perfusion at 37°C with stroma-free hemoglobin solution, but the animal
died 45 minutes later in acute pulmonary edema. There was no loss of
sinus rhythm during stroma-free hemoglobin perfusion, and following
reperfusion with blood in the animals who were studied at the lower
temperature, the myocardium remained soft and contracted vigorously.
Pathologic studies on the animals who received stroma-free hemoglobin
at 37 C and then died showed findings of acute pulmonary edema and
hemorrhage and the renal tubule lumen was filled with hemoglobin
solution. However, the authors say that none of these morphologic
alterations were attributable to stroma-free hemoglobin solution.

They attribute the deaths of the animals to hemodilution and
hypoxemia.
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Paper 3. Yarochkin VS, Koziner VB. 1977. Oxygen supply of the
isolated rabbit heart during perfusion with eryhemn (hemoglobin
solution) and blood. Bull Exp Biol Med 84:1546-1548,

Isolated rabbit hearts were studied. The hearts whi:h were perfused
with either a 3% hemoglobin solution or autologous blood diluted with
physiologic saline until the hemoglobin concentration was 2.5 to 3 gZ.
The heart was perfused at a constant pressure of 30 to 35 mm Hg and
the perfusion fluid was pumped into the coronary arteries from the
oxygenator and collected in the right ventricle where they merge from
the coronary sinus and also from the anterior cardiac veins of
Thebesius. This experiment was carried out at 38°C.  Indices of heart
function were determined at 10, 30, and 60 minutes after the beginning
of perfusion.,

The results show that eryhem was sufficiently saturated with
oxygen, and the oxygen concentration, the hemoglobin saturation, and
the p0, with eryhem corresponded to those with arterial blood. After
60 minutes of perfusion, the pO, in eryhem was substantially lower
than in blood. Which the authors speculated, was Jdue to the formation
of methemoglobin in some degree of denaturation of the protein, The
(A-V)0_ difference for eryhem was equal to that for blood, which
indicated that oxygen was releasced to the tissues. In the case of
eryhem perfusion and whole blood perfusion, the heart muscle received
inadequate oxygen supply, but during perfusion with eryhem the hypoxia
was more severe. Both the oxygen concentration and the p0, were
significantly lower than in the hearts which received bloo%. There
was more marked Acidosis and hypercapnia were more distinguishable in
the eryhem group. The oxygen capacity of diluted blood was 1.4
volume 7 higher than for Eryhem, even though the hemoglobin
concentration was only 0.3 g% higher. This corresponded to eryhem
having only 727 of the oxygen capacity of hemoglobin, They also noted
that the eryhem dissociation curve was shifted slightly to the left
which interfered with oxygen release to the tissues. The hearts
receiving eryhem exhibited both vasodilation, as manifested by an
increase in coronary blood flow, and a greater oxygen utilization.

The coronary blood flow was 507 greater during perfusion with eryhem
than with perfusion with blood. The relative bradycardia observed in
tho experiment with eryhem did not prevent the tincrease in coronary
blood flow.
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Paper 4. Labrude P, Duvelleroy M, Vigneron . 174770 [ The e,
of haemoglobin solution in experimental circurts, | TS O T RO

of the results on potential use in vivo.] Tirle translated from e
French., English Summary. Agressologie, 15:21-07.

In previous studies the authors showed that hemoglobin solution
perfused through an isolated closed circuit rat heart perfusi n node]
resulted in cardiac arrest secondary to coronary occlusion. This
occlusion was due to clogging by breakdown products of the hemoylnb:n
solution., The current paper discusses experiments involving mixing of
the hemoglobin sclution and its circulation in vitro. The hemoglob -
was unstable in contact with the perfusion circuit. Macromolecules,
1n particular albumin, delayed the breakdown of the solution. The
evidence suggested that the instability of free hemoglobin in solut 1
was a major obstacle to its use.
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ox e apply during hemodilution with stroma-free hemoglobin and T
met hemoglobin solutions,  Inm: Blood Substitutes ind Plasma Expander-. ':
"Neew York: Alan R. Liss, Inc.] 213-222, i~
20
Inot- s series of experiments, anesthesized dogs underwent rapid e
isovalemis hemodilution with 67 stroma-free hemoglobin solution or
w1t H1 methemoglobin snlution. This resulted in a control group Y
wnioh wis tdentical to the experimental group ex.ept for the ability f%;
to transport oxygen., The hemoglobin solution was prepared and g
sapplied by Warner-lLambe-t Research Institute of ‘srris Plains, NJ. .5;
Although Biro et al do not reference A protocol, presumably the I
nem o lobin solution wias the same material Savitsky used and documented
v wirner -lLamhert Roesearch Tnstitute in the late 1?/0s (Clin Pharmacnl
Taerap T3 TR0 15y 0 Washed red cells were lysed in hypotonic
phooyet e sotution and filtered twice through 0.2 micron Millipore .
T Mhe alation wias dialyeed against sodium bicarbonate )
ot arion untal o the olectrolytes were similar to hunan plasma. -
Dhos were anesthesized with Penthrane/N_ 0/0, and were ventilated,
Lorroracotomy was performed on each animal and the coronary arteries
wors  wolated,  Rapil isovolemic exchange-transfusion was performed
it oacr e naroly 505 of the estimated blood volume was removed. Tn 9
g thow was replaced by n7 hemoglobin solution and in 8 dogs by 67
e lab i walutioen,
Tsovionss hesodiltution was followed by equal reduction in the
Sesatocrst and total hemoglobin concentration in both groups. In the
s lobon exohange group, mean 0 -capacity in the plasma phase was
o7 ml dl, an sontrast to 0.5 mL/%L, in the methemoglobin exchange
irouy ., The arrerial V0 content was reduced in both groups, to
o4l rn e means1Bbin exchange group and to 8 ml./dL in the ..
el srony. e datference between the two is due to the presence
fonora T o memopioban 03 g dh) in the plasma phase in the former. 3
Yiooa o temotitut ion, the hemoglobin-exchanged experimental group _}.
ceiirrreed gy et 1o 0 the coaronary sinus ), content from 5 to K
[ S R Totvo s paraup, oxvgen extracted by the heart fell from -

T, .

»ueT, an association with a drastic decrease in pd,

cinus bhlood, tooas 1ow oas 7 oam Hy, In contrast, the

oo e o e ed sroup showed 4 marked reduction in coronary

et s r a0l L and oxycen extraction by the heart

Crl et v s TN T v assac tat ton w o th oa madest rise

vrar o o An early signifioant bhradycartia was seen in

o e Db v e e b v ap bat not in the methemoplobin-exchanged

v, T e ate Y ke redus el hematoorit, both groups failed to
‘ S o ceant by s ente b card s vatoat Mere 15 no

il oren et weet g roaps o0t ragiran rate o cohange »f ventricular
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significantly in the hemoglobin-exchanged group. Myocardial blood
flow showed marked and statistically significant increments in both
groups. The increments were greater in the methemoglobin-exchanged
group than in the hemoglobin-exchanged group. Myocardial oxygen
delivery was maintained at near-control values in both groups. There
was 4 mL/dL extra oxygen in the plasma phase of the hemoglobin-
cxchanged proup which allowed maintenance of normal oxygen delivery
with a smaller flow increment than that required in the methemoglobin
exchanged group which did not have the extra oxygen. I[n neither group
was the oxygen-supply significantly compromised. There was
redistribution of blood flow to the different layers of the left
ventricular wall in the two groups. In the hemoglobin-exchanged
group, the endocardial layer was favored for redistribution of blood
flow. In the methemoglobin-exchanged group, the epicardial layer was
preferentially perfused. Because of this, the estimated oxygen
delivery to the endocardium appeared better in the hemoglobin~
exchanged group. The authors note that the coronary sinus pO
markedly reduced in the hemoglobin-diluted dogs, but that there was an
observed elevation of coronary sinus oxygen saturation in these dogs.
They attribute this to the presence of extra-erythrocytic hemoglobin,
which was responsible for shift in the composite oxyhemoglobin
dissociation curve following hemodilution with stroma-free hemoglobin
solution by approximately 9 mm mercury at 507 saturation., They
estimated that at the pO, prevailing 1in coronary venous blood almost
all the oxygen unloaded came from the intra-erythrocytic hemoglobin,
while the plasma phase hemoglobin still bound substantial amounts of
oxygen. They felt that the increased affinity of the extra-
erythrocytic (unmodified) hemoglobin caused a substantial reduction in
the mean myocardial pOz. but that it was possible that perfusion
became more homogeneous, and myocardial hypoxia of a magnitude
sufficient to impair contractile function was prevented.
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Paper 6. Biro GP, Beresford-Kroeger D. 1980. The effect of
hemodilution with stroma-free hemoglobin and dextran on collateral
perfusion of ischemic myocardium in the dog. Am Heart J 99:64-75,

This paper is in many ways similar to the paper by Feola in Chest,
75:369-375 (1979), The blood used in the paper by Biro and
Beresford-Kroeger is stroma-free hemoglobin solution prepared from
packed human erythrocytes by the method of Rabiner et al (1967). This
material was tested in rapid exchange transfusion in rabbits and dogs.
It was free of pyrogens and had only an occasional, transient, less
than 2 min hypotensive reaction. Some slowing of heart rate was
noted, The material was 8.1 g%, had 57 methemoglobin, sodium was 122,
potassium 2.5, chloride 95, pH 7.17, osmolarity 278, O_ capacity 10.2
ml./100cc. The solution was sterile on culture. The pfotocol
consisted of anesthetizing dogs with Nembutal. The left descending
coronary artery was isolated. 1t was occluded after baseline
physiologic measurements were made. Occlusion of the left anterior
descending artery was followed by transient dysrhythmias in only 4
dogs; 3 of which subsided spontaneously within 5 minutes. The one dog
which had persistent dysrhythmias was discarded. No drugs, other than
supplemental anesthetic, were given, i.e. no anti-arrhythmic drugs.
One hour after occlusion a rapid-exchange transfusion was performed.
Approximately 30 to 35 mL/kg of blood was removed from the femoral
artery and an equivalent volume was reinfused in the femoral vein,
Nine dogs received stroma-free hemoglobin solution (Group 1), 9 dogs
received their shed blood (Group 2) and 6 dogs received a 6% solution
of Dextran-70 (Group 3). Physiologic measurements were then made for
the subsequent 2 hours. Myocardial blood flow and distribution were
estimated by the trapping of radionunleide labeled microspheres. As a
result of the occlusion, before infusion, heart rate remained
constant, mean arterial pressure tended to rise, cardiac output and
stroke volume tended to fall, while left ventricular end-diastolic
pressure rose. None of these were statistically significant between
proups. There was a consistent decrease in the left ventricular
dP/dT. A1l groups exhibited a fall in coronsry sinus pd_  and oxygen
saturation, fAlood tlow to the normal myocardium at 1 hour after
occlusion was elevated, whereas blood flow to the ischemic zone was
reduced., After infusion, the transmural flow distribution was
significantly reduced in the SFHS group only.

The hematocrit was reduced in groups 1 and 3 as would be expected
from hemodilution., In Group 1 with the stroma-free hemoglobin
solution, the O_ capacity was 5 mL/dL; in Group 3, the Dextran group,
it was 0.6 mL/dE: in Group 1, the 0, content was 4 mlL/dL but this was
still 5 mL/dL lower than in Group 2. Heart rate and blood pressure
post-exchange transfusion showed some differences, but the
investipgators did not mention whether these lifferences were
significant or not, The heart rate in the stroma-free hemoglobin
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Marks--10

exchange group dropped compared to the other groups and remained below
the heart rates of the groups which received blood or Dextran-70
exchanges. No arrhythmias were noted by EKG monitor. The mean
arterial pressure of the groups which received auto-transfusion was
the same as the mean arterial pressure for the group which received
stroma-free hemoglobin solution for the entire post-transfusion
period. It was lower in both Groups 1 and 2 than in groups which
received hemodilution with Dextran-70. Only Group 3 (Dextran-70)
exhibited elevated cardiac output when compared to the other groups.
Group 1 (SFHS) exhibited a significant rise in dP/dT as compared to
the post-occlusion depressed levels, but only at two of the
measurement periods. Two minor and not statistically significant
differences were also evident: Group 1 showed the most marked fall in
arterial blood pressure and lowest left ventricular end diastolic
pressure (LVEDP). 1In terms of coronary sinus blood, there was a rise
of approximately equal magnitude in pO_,, O, saturation and all 3
groups returned to the pre-occlusion range. Blood flow to the normal
myocardium rose only marginally in Group 2, but increased
significantly in both hemodilution groups. In contrast in the
ischemic and marginal zones, although there were significant
increments in blood flow, O, delivery was restricted in all 3 groups
with two notable exceptions: 1In Group 1, endocardial O2 delivery
after hemodilution with SFHS was higher in the ischemic zone and it
was significantly higher in the marginal zone. When compared to the
pre-hemodilution level in the same animals as well as when compared to
the post-exchange transfusion values in the other groups, the data
indicate a significant improvement in endocardial perfusion following
hemodilution with SI'HS in the normal as well as in the ischemic
myocardium. One hour after the exchange transfusion, the "washout" of
CPK from the heart increased significantly in Groups 2 and 3 but was
reduced in Group 1. By weighing the three zones of myocardium, the
ischemic and marginal zones were somewhat smaller in Group l. The
authors noted that this difference may have indicated an apparent
underestimation of these zones because of a difficulty in visual
demarcation in the animals hemodiluted with SFHS. They commented that
this underestimation was reflected in the somewhat lower blood flow,
expecially in the endocardial layer, found in the ischemic zone in
this group, at the 1 hour post-occlusion period, which indicated that
this zone may have been underestimated in comparison with the other
groups. The authors suggested that the experiment revealed three
lines of circumstantial evidence pointing to an improved collateral
perfusion of the marginally ischemic myocardium, particularly to the
subendocardial layers, following hemodilution with SFHS. [IFirst, Group
l (hemoglobin) exhibited the greatest increment in subendocardial
blood flow and in 0, delivery. Secondly, in contrast to the
increasing output o% CPK in Groups 2 and 3, there was a reversal of
this trend in Group 1. Presumably, this indicates a reduction in the
mass of myocardium leaking the enzyme. Thirdly, although




statistically not consistently significant, Group 1 exhibited the best
left ventricular performance, returning to the pre-occlusion level.
There is a further possibility of a passive mechanical factor
contributing to the improved collateral perfusion. Flow in a
maximally dilated vessel, as these collaterals presumably were, is
also proportional to the left ventricular end-diastolic pressure,
because of the vascular "waterfall” phenomenon. As a result of the
lower end-diastolic pressure in Group 1, there is less compression
than in the other groups, allowing better perfusion to the maximally
dilated collaterals. The fact that a similar phenomenon is not seen
in the Dextran-hemodiluted group suggests that a factor other than
reduced impedance to ejection is also involved. Blood values measured
in the coronary sinus revealed no significant differences between the
groups. The p0, and oxy-hemoglobin saturation in coronary sinus blood
reflects the integrated effects of a spectrum of oxygen extraction by
various regions of the myocardium,

In summary, they noted that following the exchange transfusions,
blood flow to the ischemic zone increased in all groups, but only
marginally in Group 2. The greatest increment was seen in the SFHS
hemodiluted group in which endocardial flow increased by 837 and
epicardial flow increased by 45%. These resulted in the greatest
improvements in oxygen delivery. Significant increases in blood flow
were seen in Group 3 as well, but oxygen delivery was less adequate.
Group 1 also exhibited the lowest output of CPK from the heart and was
the only one in which the indices of left ventricular performance
(dP/dT and EDP) were returned to the pre-occlusion level. These
findings suggest the possibility that reduction of blood viscosity by
dilution with SFHS improves collateral perfusion of the ischemic
myocardium.

Marks—--11
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Paper 7. Biro G. 1982. Comparison of acute cardiovascular effects and
oxygen-supply following hemodilution with dextran, stroma-free
haemoglobin solution and fluorocarbon suspension. Cardiovasc Res,
16:194-204.

Biro selected as the study model an in situ right heart bypass with
dogs. These animals were anesthetised with sodium pentobarbitone.
They were intubated and a right heart bypass was performed. A rapid
exchange transfusion was performed in which approximately 407 of the
animal's estimated blood volume was removed via the femoral artery and
replaced with one of three solutions by the femoral vein. In Group 1,
the blood volume was replaced in 9 dogs with 87 stroma-free hemoglobin
solution prepared from outdated packed human erythrocytes by the
method of Rabiner et al (J Exp Med 126:1127-1142, 1967). 1In Group 2,
93 dogs received Fluosol-DA 202, In Group 3, 8 dogs received dextran-
70 (6Z). Group 4 consisted of 8 dogs which received their own blood
for reinfusion.

The hematocrit was as a result reduced from 18 to 22% by this
isovolemic hemodilution. Comparable hemodilution and comparable
reduction in whole blood viscosity was not followed by similar changes
in cardiac output; dextran and Fluosol-diluted groups of dogs showed
significantly elevated cardiac output, while hemoglobin-diluted groups
did not show elevated cardiac output. As a result, systemic O
transport was better maintained with dextran and VFluosol. Myocardial
blood flow increased in all three hemodiluted groups, but oxygen
supply was not similar. The hemoglobin-diluted group showed
inadequate O, supply, suggested by a fall in coronary sinus p02;
dextran diluged group exhibited adequate O, supply suggested by
maintaining coronary sinus p0,, while the %luosol—diluted group
enjoyed excessive O, supply indicated by a markedly elevated pO, in
coronary sinus blooé. There was little difference in heart rate and
arterial blood pressure in the 4 groups except for a transient
bradycardia in the SFHS diluted dogs of Group 1. Cardiac output was
maintained at control level in all four groups. However, in these
groups, Groups 2 (Fluosol) and 3 (Dextran) had an immediate and
significant elevated cardiac output, but the elevation was less
sustained and the Fluosol-diluted animals than in the dextran diluted
group. The estimated systemic O, transport rate, which was the
product of cardiac output and arterial O, content, was lowest in
Group 1, the SFHS group, because of the Failure of the cardiac output
to rise; it was almost up to the control level in Group 2 initially,
falling subsequently to the level of the dextran diluted group. The
indices of left ventricular performance indicate best sustained left
ventricular dP/dt in Group 3 (dextran-70) accompanied by marginal
elevations in LVEDP., There was no significant difference between the
other three groups in this respect. The calculated systemic and
coronary vascular resistances at l-hour after exchange showed that
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sy
there was a marginal rise, although not statistically significant, in
i systemic vascular resistance in Groups 1 and 2, in contrast to a
. significant fall in Group 3. Estimated total vascular hindrance
_ : tended to rise in all three groups. In contrast, coronary vascular
:\. resistance fell markedly in all three groups. There are obvious
iy difterences between the groups in the oxygen available to and
extracted by systemic circulation., Fach of the hemodynamic groups
ﬁ? exhibited a reduction in oxygen content, as well as a rise in pOZ, in
¥ the arterial blood. The former is due to the dilution of the
W erythrocytic hemoglobin concentration of whole blood; this cannot be
hi balanced by a significant O -transport capacity in the plasma phase,
:E since the erythrocytic O2 capacity is still 5 to b times greater than
in the plasma phase. Thé rise in arterial p0, is presumably due to a
v more even topographic distribution of the V /6 ratios in the lung,
{ since ventilation and inspired pO, were unaltered. There was a
W surprising similarity in the mixe% venous 0, content in the three
'{ hemodiluted groups, in the face of large differences in p0,. While
}: dextran dilution was followed by only a small fall in mixed venous
e p02, SFHS dilution was followed by a significantly pgreater fall, while
a marked rise occurred in the Fluosol diluted animals. The authors
: postulated that the fall in the SFHS diluted group was related to the
‘i\ high 0, affinity of SI'HS which rendered the tissues' access to the
;: extra-erythrocytic oxygen more difficult. In contrast, the linear O,
) loading/unloading characteristics of Fluosol appear to present an
Ay apparent advantage, provided that high alveolar p0, can be maintained,
thus allowing the extraction of substantial amounts of O, at a higher
~ venous p0,. The oxygen available to and extracted by myocardium
a: showed that in the dextran diluted group the flow increment was of
i\ such magnitude that coronary sinus pO, was only marginally reduced.
r: In sharp contrast, the extra-erythrocytic O, carcied by SFHS was not
<., available to the tissue and the flow-increment was not adequate, which
necessitated a marked enroachment on venous reserve. The
:\ Fluosol-diluted group exhibited the opposite phenomenon; in these,
N adequate oxygen extraction was achieved at a significantly higher pO
J: in the coronary sinus, thus appearing to be at a relative advantage,
‘j\ This view of relative advantage is predicated on the assumption that
o changes in coronary sinus pO2 parallel, at least in a semi-
quantitative sense, those prevailing at the tissue level in the
myocardium, This assumption, in the absence of direct measurements of
a: myocardial pO,, was not substantiated by data in this paper, but it is
‘o conceivable t%at somewhat better myocardial O, supply in the
: Fluosol-diluted group may be responsible for their marpinally superior
iﬁ ventricular performance in this study.
= The currently excepted view of coronary sinus blood flow
5, regulation suggests that regulating corvnary arteriolar resistance to
J:' keep flow adequate to maintain relatively constant myoncardial pO_ is
‘< dependent on adenosine as a mediator reyulating arteriolar tone.
i
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Perhaps under these experimental conditions there was a failure of
this autoregulatory feed-back mechanism. This suggests that the
failure of adequate coronary vasodilatation in the SFHS diluted dogs
was related to interference with the normal movement and/or metabolism
of the vasodilating mediator. This appeared more plausible, since
normal erythrocytes are capable of rapid degradation of adenosine.
This adenosine deaminase activity is not tightly bound to the
erythrocyte membrane and was perhaps not removed completely during the
procedure to remove stroma fragments. Adenosine deaminase activity in
the SFHS solution was significantly lower than in unpurified
hemolysate of dog blood. The author concluded in this paper that
similar degrees of hemodilution may not be followed by comparable
changes in hemodynamics and O, supply, because of the different O
unloading characteristics of SFHS vs Fluosol. 1In this regard Fluosol
was found superior to SFHS,
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Paper 8, Elert O, Otterman U, 1979, Cardioplegic hemoglobin
perfusion: A method of providing optimal myocardial protection.
Thorac Cardiovasc Surg, 27:245-247,

The protocol consisted of a T-hour period of normothermic cardiac
arrest in dogs, This was produced by infusion of roon temperature
hemoglobin solution which contained all of the following cardioplegic
agents: Mg-aspartate, K-aspartate, and procaine. After this l-hour

cardioplegia, all the hearts reversed promptly, and after a 10-15
minute recovery phase, the hearts showed normal pressures and output.
Metabolic investigations of left ventricular wmyocardial tissues showed
a fall in adenosine triphosphate of up to 467 after 60 winutes, and a
637 fall in phosphocreatine as compared to the initial levels.
Resumption of perfusion after 30 minutes ischemia led to a more rapid
increase in the low ATP and PKr levels during the reperfusion phase.

Comparative studies of myocardial metabolism showed that this
level of energy-rich phosphates and lactic acid was achieved at
15 minutes of pure normothermic ischemia, It was also shown that
cardinplegia with My-aspartate-procaine and mild hypothermia offer
stmiliar myocardiial protection for only 40 to 45 wminutes as compared
with l-hour protection from normothermic hemoglobin cardioplegia.

The authors concluded that a 6.47 stroma-free hemoglobin solution
containing cardioplegic additives showed improved myocardial
protection during cardiac arrest. This solution produced optimal and
easily reversible cardiac arrest, together with optimal oxygen
transport and oxygen yield in the myocardium, similar to that provided
by whole blood.
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Paper 9. Rosen AL, Gould S, Larshman RS, et al. 1979, Cardiac out put
response to extreme hemodilution with hemcglobin solutions of various
PSO values. Crit Care Med, 7:380-383,

The hemoglobin solution the investigators used was essentially as
described by Sehgal et al. Ear Surg Res 11 (suppl.2):43, 1979. It was
pyridoxalated but not polymerized. The concentration was between 5.7
and 8,0 g/dl. The P was from 12 to 59 mmHg, osmolarity was 290 to
310 mOsm/kg and the colloid osmotic pressure varied between 20 and

25 mmHg., Adult baboons were tranquilized, anesthetized, and
intubated. They recieved the following medications: Ketamine,
atropine, thiopental, and D-turbocurarine. These animals underwent
right heart catheterization and also had continuous
electrocardiographic monitoring. The hemoglobin solutions were
prepared with various P oS by varying the amount of pyridoxal
phosphate coupling to tge hemoglobin, Baboons were randomized to
receive the hemoglobin solutions. A baseline set of measurements was
obtained and then exchanged transfused toc a hematocrit below 67, and
again hemodynamic measurements were taken.

The starting hematocrit of 357 fell to 1.5%; the functional whole
blood hemoglobin concentration went from 11.6 to 4.4 g/dl; and the
whole blood in vivo P fell from 31 to 18 mmly. These changes were
significant. The cardiac output fell from 3.2 to 2.5 liters/min but
was not significant. The heart rate increased from 108 to
141 beats/min, but the stroke volume, mean arterial pressure, and
mixed venous PO, all decreased significantly. There were no changes
in pulmonary capillary wedge pressures, intravenous pressure, mean
pulmonary artery pressure, systemic vascular resistance, oxygen
consumption, and oxygen content difference. There was no correlation
between the cardiac output and the whole blood in vivo P__ ., nor was
there a correlation between the PSO and the heart rate or stroke
volume,

The authors commented that in previous work with babocons, an
increase in cardiac output had been noted in normal volume anemia
caused by exchange transfusion with Dextran-75, but not after total

exchange transfusion with stroma-free hemoglobin.,  In the tolal
exchange, case the hemoglobin concentralion did not fall below 6 p/d}
and the P_ . was !'% mmHg. The hypothesis of the paper is that the

cardiac o&tput did not increase with decreasing hemoglobin
concentration because the hemoglobin concentration might have been
just above the critical value or that a large fall in P led to
myocardial hypoxia. They have now demonstrated that thé hemoglobin
concentration, per se, does not appear to be the critical stimulus for
an increase in cardiac output with hemoglobin solution. 1In addition,
the position of the hemoglobin-oxygen dissociation curve did not
appear to influence the hemodynamic responses., They concluded that
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the physiologic response to anemia in the presence of hemoglobin

solution appears different than that observed in the absence of plasma
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Paper 10, Suaudeau J, Fallon JT, Austin WG, Erdmann AJ III. 1973,
Stroma-free hemoglobln solution for perfusion of the isolated lamb
heart at 38° C. Trans Am Soc Artif Intern Organs, 24:261-269

Hemoglobin solution was prepared from washed sheep red blood cells,
The red cells were lysed in hyposmolar phosphate buffer and underwent
sequential filtration and ultrafiltration. Molecular siceve filters
were used so that molecules less than 5000 daltons were retained,
Hemoglobin solutions varied from 4.4 to 11%. Methemoglobin was

0.3 g/d1; P was 32, electrolytes were physiologic; osmolality was
300; pH 7.57" The procedure consisted of isolating lamb hearts and
connecting them to a perfusion circuit, consisting of a puap, a lung
membrane, and dialysis system to maintain nutrition. There was a
cogtinual, gradual turnover of hemoglobin. Perfusion occurred at

38 C.

In lamb hearts which were perfused with whole fresh lamb blood,
left arterial perfusion was supported by the heart for 9 to 25 hours
and excellent performance occurred throughout. Left ventricular
function curves were normal. There was no change in coronary vascular
resistance, myocardial oxygen consumption, carbon dioxide release, or
arterial venous pH differences. Some hearts developed minor degrees
of subepicardial and subendocardial hemorrhage; none became edematous.
Microscopically there was good preservation of myocytes. In the group
which received perfusion with 7% stroma-free hemoglobin solution, left
ventricular function was abnormal. Left atrial perfusion occurred up
to 4 hours, Coronary vascular resistance was lower than control
hearts and coronary flow was higher. Perfusate pH, blood gases, and
myocardial oxygen consumption were the same as control and did not
change during left atrial perfusion, even with the onset of
ventricular failure. These hearts showed diffuse hemoglobin staining
of the myocardium soon after the onset of perfusion and later they
became edematous. Microscopically there was marked cellular and
interstitial edema; myocytes were intact except for the mitochondria
which were at times swollen with loss of cristie and matrix granules,.
Significant hemoglobin accumulation was found in the interstitium and
areas of coagulation necrosis were present. 1In hearts that received
11%Z stroma-free hemoglobin, 2 of the hearts performed better than
hearts that received 77 hemoglobin; however, 3 others did not tolerate
left atrial perfusion, Coronary vascular resistance, perfusion flow,
perfusate pH, and arterial gases were the same as 77 hemoglobin, but
the L1Z hemoglobin hwarts consumed more oxygen and developed carly
hemoglobin staining ot the myocardium and promiaent edema.
Histologically thev were similar to the group receiving 7% hemoglobin,
but the changes were more severe and diffuse., Another group received
8% hemoglobin with 7 albumin. These hearts were able to generate
less ventricular stroke work than for 77 hemogzlobin alone. They
failed after onty 1 172 hours of left atrial perfusion. Coronary
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vascular resistance was high and perfusate flow courrespontingly low.
The AV pO? and pll differences were higher than these values for the
other groups. Despite low perfusion flow, these hearts extracted as
much oxygen as control hearts, and the blood gases did not suggest
tissue hypoxia or acidosis. The hearts appeared normal after 8 hours
of perfusion, Microscopically there was less edema than the other 2
groups and extravasated hemoglobin was less conspicuous. Another
group received 4.47 hemoglobin with 5,57 albumin. They did not
maintain ventricular work with left atrial perfusi n for longer than
1 1/2 hours, but during that time they performed brtter than the
hearts which received 7% hemoglobin, Coronary vascular resistance,
coronary flow, oxygen consumption, perfusate pH, and arterial gases
were the same as the values for the group which received 77
hemoglobin. Histologically they appeared similar to the group which
received 8% hemoglobin with 72 albumin, but they had more weight gain,
In general, the hearts were able to be maintained with hemnglobin
solution for up to 5 hours. However, as noted above, there were many
problems, TIncreasing the oxygen-carrying capacity of their perfusate
by increasing the hemoglobin from 72 to 113 did improve ventricular
performance in 2 of 5 hearts, but also led to more extensive
morphologic damage. Increasing the colloid osmotic pressure with a
perfusate by adding albumin markedly improved the morphologic
preservation but the viscosity of the perfusate was so high that
coronary flow was reduced by 507 and AV pH was doubtled. These hearts
could not perform any significant work. The last solution, the 4.,47%
hemoglobin with 5.5% albumin, had a lower viscosity than the 8%
hemoglobin with 7% albumin and again there was good morphology, vet
coronary blood flow and ventricular performance were the same as for
the 7% hemoglobin alone group. None of the hemoglobin preparations
was able to equal the performance of myocardium with whole lamb blood.
Hemoglobin perfused hearts consumed as much or even more oxygen than
hearts perfused with whole blood but could produce onlv 172 or 173 the
cardiac work.

Marks--19
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Paper 11, Suaudeau J, Fallon JT, Kunica ¥, Austen WG, Hrdmann AL,
1979, Protection by plasma proteins of the isolated lamb heart
b
perfused with stroma-free hemoplobin at 387C. Ann Surg 189322313,

Stroma-free hemoglobin solution was prepared from washed sheep red
cells which were lysed in hyposmolar phosphate buffer. This solution
was mixed with saline to adjust the electrolyte and buffer
concentrations and was ultrafiltered to remove molecules other than
the size of hemoglobin. The final material was between 4.5 and 11 g%
hemoglobin, 0.3 g% methemoglobin; the P was 32; osmolarity, 300;

pH 7.5 at 38°C. Hearts were removed from 2 to 3 month-old lambs and
placed in a preservation chamber which was attached to a venous
reservoir, a central reservoir, a Millipore filter, membrane luny
exchanger, and a dialysis system. For the hearts which received
stroma-free hemoglobin solution, a small amount was removed from the
circuit constantly to minimize methemoglobin accumulation. The
stroma-free hemoglobin was also dialyzed against tlood from a donor
sheep across an artificial kidney to prevent nutrient depletion and
metabolic waste product accumulation during the perfusion. Tor the
hearts which received whole blood, exchange against whole blood did
not occur but whole blood was replaced with fresh whole blood
constantly during the experiment. There wer- 5 groups. One group
received whole fresh lamb blood; the second group received stroma-free
hemoglobin, 7% (Group A); Group B received 11% stroma-free hemoglobin;
Group C received 8% stroma-free hemoglobin with 7% bovine albumin and
1 part microfilter plasma in order to tincrease the colloid osmotic

pressure; Group D received a compromised solution containing less
albumin and less hemoglobin in order to balance the colloid osmotic
pressure and viscosity. In general, they were able to perfuse

isolated lamb hearts with 7% stroma-free hemoglobin at 38°C. for

8 hours, by using left atrial perfusion for the first 2 hours followed
by aortic perfusion. They found sustained contractions and no rise in
coronary vascular resistance, normal arterial venous pO,, pCO_, and pH
differences, and normal myocardial oxygen consumption. "~ Stroma-free
hemoglobin perfused hearts did not perform as well as control hearts
perfused with blood. They were unable to sustain prolonged left
atrial perfusion and Jdeveloped extravasation of hemoglobin and
interstitial edema 1s well as myocytic and vascular-endothelial cell

Jamage. For Group A (77 SFHS), the performance was inferior to that
of control hearts. None could tolerate left atrial perfusion (LAP;
for more than 7 hours, whereas control hearts had at least B hours of
LLAP,  They had 1ower ventricular function, lower nean corondty
resistance and hipher coronary flow than control hearts,  In contrast
to cuntrol experiments<s, oxygen consumption, carbon dioxide production
and arterial venous pHt difterences increased to a poak during left
atrial perfusion and then Jecreased during aortic perfusion. This was
found in all animals receiving stroma-free hemoplobin solution, After
the begioning of perfusion, diffuse hemopglobin staining of the
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myocardiun Jdeveloped and the heart appeared olern:us,  There was an
increase in myocardial wall thickness ind n he .t weight,

Microscopically there was prominent interstitial . leng with
intracellular edema and extravasation of hesoelor o0 Subendocardial
and midmural areas of coagulation necrosis were ;o -sent iaoall hut two

of these hearts. When the hemoglob:n soncentrat  sn wis raised to 1175
(Group B) as an attempt to increase axypen-carry.n capacitv, this did
not improve heart function. Three of the heart o oo this proup could
ot sustain left atrial perfusion 3t all, Veatr, -alar pecformance
Aith nortic perfus:on wis the sene oo 0 aroa;: b roiary
resistance rose duraing the last nours ab perfus.on and mean oxygen

consamption was hipher than for Sroup AL Morpholopis chinges were

A
more severe and more diffuse than for Sroup A, Tn addition, there
were ultrastructural ~hanges scen in endothelial and myocarlial cells
ronsisting of swelling and prominent mitochondrial changes, When 7%
albumin was added t> 37 hemaglobin {Sroup C), myosarii2l performance
with left atrial perfusicn was similar to Group A, Myocardial
contractility was not lepressed following the left atrial perfusion
trial in contrast to Group A, Mean coronary resistance was higher and
mean coronary flow lower than for Group A perhaps due (> a higher
viscosity of the blonod, Coronary vascular resistance did not change
durang the portfasion, Mean oxygen concentration was slightly higher
than for Sroup AL Grossiv, the hearts appeared better preserved than
For ouroup AL Microscopizally there was markedly less edema than in
sroape A or B, and extravasated hemoglobin was less conspicuocus,
dowever, eosinophilic plugs wore present in many small vessels and
coapalarion necrosis was evident throughout the subendocardium.
Plectren mycrosceopy Showed minimal intracellular edema and only
s oonal cells with degenerating mitochondria, lPor Group D with the
Lower albhumin f 5,57 and hemoglobin of 4.4%, these hearts did not
sustarn teft ventr.cular work with left atrial perfusion for longer
“hman 112 hours, but their ventricular performance was still slightly
wtler than Group A hearts during the same period. Although the
viscoeity of the perfusate was similar to Group A, corunary vascular
resistanee was lower than in the other groups, although there was no
1oz frtant change i coronary resistance,  Grossly the hearts
tppeared 0 well prosorved as for Sroup O but had a greater weight
e My alosrealty and o altraciruct arally they were similtar to Group

Uosammary, teoatated lan’ hearts were pertuseld Uor 3 hours at

thostromas-free hemogd o

vinosolution, The preservation of
voirac sirue are ot functs oo was o stadiod, Jontrol hwearts perfused

wi b o bliood iN-o) dovaloped a0 ventr:calar Farlure or significant

aooeh pain SN st wed e alterarson ot cellul i ultrastructure,

and 1:trl gatersiit:a’ odema,. Hearts ceriased wrth U0 (N=7) or 117
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mitochondria, capillary endothelial swelling and hemoglobin
extravasation into the interstitial space. The addition of 5 to 7%
albumin to stroma-free hemoglobin solution (N=9) markedly reduced
interstitial edema (weight gain l17%), preserved mitochondria,
prevented endothelial swelling, and limited transcapillary escape of
hemoglobin. Thus isolated hearts perfused with stroma-free hemoglobin
solution develop vascular endothelial damage and an increase in
capillary permeability. The addition of plasma proteins to the
perfusate protects against this injury.




Paper 12. Feola M, Azar 1), Wiener L. 19379, lupro..t oxysgenation of
ischemic myocardium by hemodilution with stroma-tree hemoplobin
solution. Chest 75:369-375.

Dogs were anesthetized and the left anterior lescenting coronary
artery was occluded for 3 hours. The oxypenation * the myocardial
tissue was monitored by a polarographic technique patle of recording
simultaneously the oxygen tension, the pny of nmiyocardial tissue and
electrograms. Ischemic injury was monitored by meins of SI segment
elevations on myocardial and epicardial electrogrime,  Thoe volume of
myocardial infarct was measured at the end ot eacr cevpernent by
incubation of transverse slices of left ventriole -0 v solution of
nitroblue tetrazolium and by separation of the un tained tischemic)
from the stained (normal) portions. The dogs were prepared for this
experiment by anesthesia with sodium pentobarb:t il they were
intubated and ventilated on a respirator; the che . w4435 opened and the
2lectrical monitors were placed on the heart and tre jpressure monitors
were inserted into various chambers of the heart. There was a note in
the procedure that to reduce the occurrence of venir:cular fibrilation
lidocaine hydrochloride was infused at the rate > . mg 'min for the
duration of the experiment. This might explain #hy there 1s no
mention of arrhythmias in the dogs receiving hemopyloahin,  Of course,
with all the different epicardial electrodes and *ubes placed on and
in the heart, certainly some degree of ventricular irritarion would
occuar repacdloss of the presence of hemogloabia ol con. In one proup
ot dops, hemodilution was performed after 15 minutes of 1schenia by
exchanging blood with a stroma-tree hemoglobin solu ton Yrom a
hematocrit of 45 to a hematocrit of 23, Chanzes o-cuarring 1o this
group were coapdared to those occarring in dogs tha i:4 not undergo
hemodilution, underwent hemodilution with Dextran-"5, i1 were
retransfused with whole blood. Hemodilution with heaoglobin reduced
anrtic and left ventricular filling pressures while increasing
coranary blood tlow, (nereased myocardial pd o, Lowered B0 sepment
elevation of both wmyocardial and eprcarinil electr crac o and reduced
the volume of myvocardial infarct. These effets were unmitched by
nemodilut i n with dexzran or infusion with whol

=

hemoplobin sohlution, the mean left atrial proessure Was towered, the

e b1, [n doos with

torlic pressure was aaintaned, che cariti ondex wis Cvproved over
controls, coroniry Hlood fiow through the 10F: macn - em aroanary
artery was iaproved, the myocardial 0 aas omproved over controls and
the mean ST segment elevition for epacacrioal o and -, il tissue wis
Jeoreased stemificant iv, o They Falr o hat emoad b o o
1tncrease the myocardiral supply o0 axvaen Ghade cods oy the doaand oo
wxyzen, Hemodilution with hemosl ban desreased the o0t v 8 gntare:
in nyscardium by 55T compiared o the untreated oo, whiile
transfusion with whole blond ncrcased thoe vl ime 0 07
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Paper 13. Moores WY, DeVenuto F, Heydorn WH, et al. 1981. Extending
the limits of hemodilution on cardiopulmonary bypass using stroma-free
hemoglobin solution. J Thorac Cardiovasc Surg, 81:155-167,

Hemoglobin solution was prepared by the technique of DeVenuto, ot al,
1977. Hemoglobin concentration was 7 gZ%; methemoglobin 3.5%;
electrolytes were physiologic; pH 7.35; P 0 14.5. Small pigs were
given halothane for induction of anesthesia, nitrous oxide for
maintenance and succinylcholine for paralysis. A tracheostomy was
placed and the animals were intubated. They were connected to an
extracorporeal perfusion circuit. The pigs were initiallyohemodiluted
to a hemoglobin of 10 g7 with their temperature kept at 37°. Their
rate was maintained with ventricular pacing at 140 beats/min after
blocking the conduction system with injection of formalin, Preload
and afterload were controlled and all of the appropriate myocardial
measurements taken. Animals were exchange transfused with stroma-free
hemoglobin solution or with 77 albumin solution to a hematocrit of 5%.
At this point in the in situ right heart bypass model, preload,
afterload, and heart rate were all controlled. The results were as
follows: Myocardial performance following albumin solution exchange
could not be sustained on right heart bypass and these animals had a
stroke volume of O at a left ventricular and diastolic pressure of

14 torr. Stroma-free hemoglobin solution animals had a significant
drop in stroke volume at !4 torr following exchange, but this 50%
performance level could be sustained. Coronary blood flow rose and
myocardial oxygen consumption fell in both groups, although the
stacistically nonsignificant mean differences were less with stroma-
free hemoglobin solution. Arterial-coronary sinus oxygen differences
fell significantly with albumin solution and non-significantly with
stroma-free hemoglobin solution, Lactate production occurred in both
groups but was greater with the albumin than with stroma-free
hemoglobin solution. No changes in myocardial tissue gases were noted
in either group. Although myncardial performance decreased and some
lactate production occurred with stroma-free hemoglobin solution, they
toncladed that with these comparative results there was promise in the
eventual utilization of an oxygen carrying agent such as stroma-free
hemoglobin solution to extend the limits of hemodilution to a
hematocrit value of 57 or less. With all the different drugs on board
plus the ventriculur pacing these hearts were receiving, of course it
would have heen dit icult to observe any arrhyihmogenic effect of the
“emog lobin solution. No pathology study was Jdone on these hearts.
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Paper 14, Moores WY, DeVenuto F, Heydorn WH, Greenburg AG, Utley JR. o
1982, Effectiveness of stroma-free hemoglobin solution as seen in a [N
right heart bypass swine model. Crit Care Med 10:279-282, t
(\ .
This is essentially the same paper with the same data as Moores et al, §
J Thorac Cardiovasc Surg, 198l. The only difference is that a third .
group was added in which the hematocrit was decreased to 10% with 77
bovine albumin solution in addition to a group which is already .
reported in the last paper where the hematocrit was decreased to 57 “
using 7% bovine albumin solution. There conclusions were essentially .
as reported in the last paper and are as follows: ~3
e
Myocardial performance after albumin solution exchange was N
sustained on right heart bypass in only one of ten animals., SFHS X
animals had a significant drop in stroke volume at l4 torr after o
exchange, but the 507 performance level could be sustained. Coronary :_
blood flow rose and MVO_, fell in all groups although the statistically =
non-significant mean di%ferences were less with SIFHS, The S(a-cs)O .
Arterial-coronary sinus oxygen content difference fell significantly
with albumin solution and nonsignificantly with SFHS. They concluded ;
that although myocardial performance decreased with SFHS, they "
. « \
believed these comparative results support the use of SFHS at a t
hematocrit of 5%Z. The same comments made on the last paper pertain to -~
this paper. o~
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Paper 15. Kim HW, Rowley BA, Feola M, Roberts LA, 1983, Effect of
stroma-free hemoglobin on an isolated perfused rabbit interventricular
septum. [Abstract No 2766] Fed Proc 42:765.

Three different 7% stroma-free hemoglobin solutions were tested as
potential perfusates for isolated perfused rabbit interventricular
septa. Controlled activity of the septum, stimulated at approximately
at 1.5 pps, was established for Tyrode buffer. After one hour
equilibration with Tyrode medium, SFHS was perfused at a comparable
flow rate and changes in developed tension, resting tension, + dP/dT,
and perfusion pressure were followed. After 20 min equilibra?ion in
SFHS, a 10-min stop flow was imposed followed by a 30-min reflow. One
of the SFHS (Prep C) preparations, which was prepared by a sterile
filtration technique, increased developed tension by 20% during the
control period. 1In contrast, two other SFHS groups (A and B)
preparations and Tyrode medium allowed recovery over 30 min of 63, 79,
and 87%Z of developed tension respectively. The Prep C stroma-free
solution allowed 957 recovery of control developed tension after 10
min stop flow. Vascular resistance as indicated by increased
perfusion pressure increased with both SFHS and with a 7% albumin
solution in Tyrode buffer. The increase perfusion pressure was
minimal for the Prep C stroma-free solution compared to other stroma-
free solutions. The Prep C stroma-free solution, which was prepared
by a sterile filtration technique, did not cause any adverse effects
on the septum and appears to improve contractile activity when used as
a perfusion medium for this preparation,
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Paper 16, Langdale LA, Gould SA, Lakshman RS, et al. 1983, Stroma-

free hemoglobin - a myocardial depressant? [Abstract] J Trauma,
23:647,

Twelve adult baboons were anesthesized, intubated, and mechanically
ventilated on room air. These baboons received atropine,
phenobarbital, pavulon, and ketamine. No calcium was given, All
animals were exchanged transfused with Dextran-70 to 107 hematocrit.
The animals were then randomly assigned to receive autolopgous RBCs or
an equivalent amount of stroma-free hemoglobin, By perfusion of the
test solution, pulmonary capillary wedge pressure wis maintained at
baseline levels. Hemodynamic measurements were obtained at comparable
total hemoglobin concentrations.

The cardiac output increased significantly with hemadilution an
both groups and declined towards baseline with re-uscitation. The
cardiac outputs were not significantly different *hrouphout the two
groups in the study, The total study lasted 6 to = hours and
hemoglobin solution was in the babouns for a total f 27 to 1}
minimum. There were no arrhythmias noted on continuous
electrocardiographic monitoring. In conversation with Dr. Langdale,
she told me that although the cardiac output in the group which
received stroma-free hemoglobin did return to prehenoditution levels,
there was an initially greater drop in the cardiac output of this
proup than in the proup which received autolopgous RBCOs., Although not
significantly different, this drop indicated to her that
be some suppression of cardiac out put due

hours,

there might
to hemoplobin solutions,
The quthors concluded that the cardiac response to resuscitation with
stroma-free hemoploban 15 not ditfferent than that w:th REU therapy.
There was no ovidence from myocardial depression with
nemovlobin transfusion,

stroma-free
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Paper 17. Dennis RC, Vogel WM, Apstein CS, Valeri CR. 1983, Porent
vasoconstrictor substance in stroma-free hemoglobin observed during
perfusion of isolated rabbit hearts. [Abstract] Advances in Blood
Substitute Research, Bolin, RB, Gever RP, Nemo GJ, eds. Prug Clin
Binl Res 122:427-42%,

[n this experiment, stroma-free hemoyglobin solution from 5 o

200 mg./percent and modified Krebs huffer perfused at a rate of

7 mL/min/gram heart produccd a dose related significant increase in
coronary perfusion pressure from a normal value of 67 mL Hy to 4 peak
increase of 387 ovar base'ine at 200 mg7l hemoglobin., This

vasoconstriction was not explained by increased oxypgen affinity of e
stroma-free hemoglobin,  The  ncreased coronary vascalar resystanc o
may explain a myocardral Jdepression observed on the dos, o and

baboon treated with str .na-free hemoglobin, My conversation with
Dr. Dennis and Dr. Vogle at the Naval Blood Rosearch lLaborator, and
Cardiac Muscle Resear.h Laboratory at Boston University School of
Medicine on 25 Oct 43 indicated that the research mentioned 1o thy-
abstract had not progressed far heyond this stage and n» publication
of this material was anticipated for the next six months minimal,



Piper 18, Moores, WY, White FC, Bloor C, Greenbury AG, Mark R,
Witlford DC. 1987, The physiologic effec' s of oxygen transport by
hemog lohin solutions., In: Advances in Blood Subsiitute Research,
Bolin RV, Seyer RP, Nemo GJ, eds, Prog Clin Binl Res 122:89-99,
And, ..

Paper T30 Moares, WY, 1983, Data Summary, Fvaluatson of stroma-free

hem o lobin soluthons as resuscitative tlurds for the injured soldier.
Nomober DAMDL T =790 91579,

Lhe o bapers concern the eftects of hemolobica soltvony onoan acut o
ryht heart byvpass proparation, a chronitc exercisiny can,ne
preparatton and o hronte exete sy swine areparateon, The solutions
vie b wers 1) 7T bovane atbumin solation, Y stromna-tree hemoglobin
solutton prepared by frltration and cent:fuyation nd essentially a
Ratiiner proparation, and 3) a similaraly prepared troma-free
Menoglobin solatton madified with pyrodfoxal phosphate {dreenberyg,

’,'7)‘

Vouare right heart bypass model in the pirp. This utilizes a
s

. : [ .
net Ll gy T

ported previsusly (Moores, 1, Thorac.: Jardiovasc Surg.
R SR S ST B T B Measurement s were taken bhetHre and after exchange

transtuas oo oroesatrane onoa hemodalar o o 57 Hf the ontrol value, The
o Porne WGt s biiosod dropped sipnetrcantly oan bttt epups that
et e s bbb oa s barsons bat dad o not i rer bt ween the types of
doroma-tree hemosiobia solution, The stroke valane and percent

cemental st anehtenia, or the mvocardial tissue o« e assayed,

s 1

Sooacardial pertormance decreased signifaicantl s oan il groups, and

it et the Targes:s aean deop o oecur an the altann group, 1t was

not posstnie o st oo sh o them statastaeally froes the other groups.,
Mo vronn s ot tiow cacrear ol a0 proape st er exchange but
w1 ot g fioant iy At rerest Yot ween groups,  Artoraal o oxygen
R ot ot by Ao rea e et e e chane e o L proups, oand
voterrea e e the g lhoan proap was st roant by bt erent Yrom the
Tw o henog Db sol gt van or ups nospate ol e tterenses, 1t was
A possthle t lemanst yte synntaoant datterenss o ovacantaa
caen et r s arter pr o Cortonary stnu VX e mreat b rerencee,
oooaroanar, g et r o Wt or bl ween roups, Wote that all
Sr g teewe b oa b rhaase s U e vt e o e ar bl xypen
oamptaang, 1 arters ol TN ary v Copenn ot ent utterence,
il e difteren s was reatost b the Attt g AL proups
Paciendl ot demanstrate L persrslent ovvaerot oo omet sl e
nancrtested Dyolactate arodactoan, At e ot e aal v en
et At cupported P he conce Tt transtuass o Wit SEHS inoa 907
e node 3 resalt g e e e e vy et ooy s the
PR OF BT A A R A (S S UL AL AV Y B NN U S S cae ooy ardoal pertornance
[ B At T e e w ot b e e
LT A S T L AR PRI o ot Pod it oee gl o0
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better coronary blood flow, myocardial »xygen consumption, arterial-
coronary sinus oxvgen content difference, coronary sinus p02, or
lactate extraction, If there was a SO% valume chanpe, then a
resuscitat ive solution did not need to carcy oxypen in order o he
efticacious and sapporct myocardiral function,

The second part of the study used minimally instrumented doass
which were previously trained to run on a treadmill. After initial
measurements, the animals were exchanged transfused while awake with
either nodified stroma-free hemoglobin solution, unmodified stroma-
free hemoglobin solution or albumin, Thirty minutes after exchange
A1l animals were exercised on a treadmill., Animals which received
albunin had less exercise tolerance than those receiving hemoglobin
soluttions, Thic< was manifested by decreased rate of exercise and
decreased maximum tolerated time of exercise. The resting heart rate
was elevated and the mean exercise heart rate was less for the alhumin
exchanged group conpared with the other groups, The albumin animals
also showaed 2 sipniticant elevation in the recovery heart rate
compared to the others, All the animals which received stroma-free
hemog lobin solut iy or athunin had a significant drop in arterial
oxygen content; however, this was greatest in the albumin sroup., The
AV oxvgen content difterences varies greatly between aninal o but
tended to be herter sustained in the groups which received Shan
Operation, Stmilar results were obtained tor venou. pd o, There wan
no advantage for tihe use 5! hemoglobin solutions, The dnimals which
received albumin had the largest values for venous lactate both at
rest and for moderate exercise, hut the data were not scatisticaily
significant. A 4 hours and 7 Jdays after the experiment, there was
no Juifterence between groups in their ability to tolerate exercise.
Apain as was the case for the acute s«ine model, the exercise dog
model did not show an advantage to modifying hemoglobin solution to
normalize the an viluae,

e third sectron of these studies concerned chronically
instrumented pigs.  ‘mnodifiod hemoglobin soluvion and allumin
solution were tested, ALl nigs were exchanged with 2 jiters of flu‘d
ta achieve 4 henatoeorit value of ta%, In all situations, the
Menatocrit rose with exercise.  After exchange with albumin, the
S loac output tose, where o with stroma-free hemoglobin solutton
here was no ctange at o rest oan cardyac output . The oncrease o
cardvac output safror albumin anjection was due to oan oancrease o heact
rate becanse the troke volume remnained unchanged.  The anima’ s an
both proups showet 1 decrease of approximately 507 in cxercise
response followin, cx:hange, with a shorter time noted for exhaustion
in both groups., There was no change between groups in stroke volume,
The df/7dt increased pmiticantly for hemoglobin selation bat net Cor
tlhumin following exercise, but with resting df/d0 valae was ipher

for albuamin,  The diavstolie diameter remained unchir,ed with ccore
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in both groups, whereas left atrial pressure increased which indicated
an increase in the pressure volume relationships in all animals
subjected to exercise, The arterial-venous oxygen content difference
was significantly lower for the albumin exchanged animals during both
rest and exercise, whereas the arterial-venous urygen content
difference in the stroma-free hemoglobin group was similar to the
normal response during the control period, both at rest and exercise.
There was no difference for oxygen consumption for either group,
although the mean value for oxygen consumption in the albumin group
was lower than for the other group. Arterial lactate values went up
in both groups with exercise and was significantly greatest in the
albumin group. The blood flow studies did not reach statistical
significance between the two groups; however, therc was a trend to
close approximation to control values with stroma-free hemoglobin
solution as opposed to albumin solution. There wis no difference in
myocardial blood flow although the trend was more toward an abnormal
increased flow both during exercise and at r:st in the albumin group.
In the case of brain blood flow, there was increasced flow during
ecercise that reached statistical significance in the albumin group.
Kidney, intestine, stomach, liver, and spleen blood flow all decreased

during exercise in all groups and was more marked for the albumin
pBroup.

Albumin solution resulted in a hyper-dynamic performance of the
heart at rest manifested by increased cardiac output and increased
df/dt. The SIHS group did not accelerate myocardial performance until
Lthey were exercised. Presumably if the fluid used contains oxygen,
then an increased cardiac performance is not necessary at rest for
metabolic ne~ds, The SIHS group consistently resulted in greater
arterial-venous oxygen content difference, This is not reflected in a
grfeater oxygen consumption though since albumin animals tended to
compensiate for the decreased arterial-venous oxygen content difference
with an increase in cardiac output. The blood flow to organs such as
the heart and skeletal muscle increased with eoxercise, but blood flow
to the vaiscera decreased with exercise, and the response was anore
marked with albumin than with stroma-tree hemoglobin, and a more
norual response was obtained with stromi-free hemoglobin solutions,
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